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Introduction: Urban environmental exposures might contribute to the incidence of
Alzheimer’s disease (AD). Our aim was to identify structural brain imaging correlates
of urban environmental exposures in cognitively unimpaired individuals at increased
risk of AD.
Methods: Two hundred twelve participants with brain scans and residing in Barcelona,
Spain, were included. Land use regression models were used to estimate residential
exposure to air pollutants. The daily average noise level was obtained fromnoisemaps.
Residential green exposure indicators were also generated. A cerebral 3D-T1 was
acquired to obtain information on brain morphology. Voxel-based morphometry sta-
tistical analyses were conducted to determine the areas of the brain in which regional
gray matter (GM) and white matter (WM) volumes were associated with environmen-
tal exposures.
Results:Exposure tonitrogendioxidewasassociatedwith lowerGMvolume in thepre-
cuneus and greater WM volume in the splenium of the corpus callosum and inferior
longitudinal fasciculus. In contrast, exposure to fine particulate matter was associated
with greater GM in cerebellum andWM in the splenium of corpus callosum, the supe-
rior longitudinal fasciculus, and cingulum cingulate gyrus. Noise was positively associ-
ated withWM volume in the body of the corpus callosum. Exposure to greenness was
associated with greater GM volume in themiddle frontal, precentral, and the temporal
pole.
Discussion: In cognitively unimpaired adults with increased risk of AD, exposure to air
pollution, noise, and green areas are associated with GM andWM volumes of specific
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brain areas known to be affected in AD, thus potentially conferring a higher vulnerabil-
ity to the disease.
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1 INTRODUCTION
Individuals living in urban areas are often exposed to high levels of air
pollutants and noise, and experience a lack of exposure to natural out-
door environments.1 Long-term exposure to air pollution and noise,
and the lack of green space, have been associated with premature all-
cause mortality and other detrimental health effects.2–8 Additionally,
a growing body of evidence suggests that such exposures are environ-
mental risk factors for brain diseases.9
Air pollution is a well-known environmental hazard and a major
environmental health problem. It has been shown to have adverse
health effects throughmechanisms such as inflammation and oxidative
stress.10,11 Epidemiological studies suggest that exposure to ambient
air pollution has neurological effects, andmight have a causal influence
via harmful effects on the brain, accelerating cognitive aging.12–14 Like-
wise, exposure to high noise levels has been associated with adverse
impacts on quality of life and health, but only very few epidemiological
studies have reported a link between high levels of traffic-related noise
and neurodegenerative disorders.15–19 Contrary to air pollution expo-
sure, an accumulating body of evidence suggests that being exposed
to urban green spaces might have health-promoting effects, including
improved mental health and reduced morbidity and mortality.5,7,20–22
Exposure to green spaces has been linked to cognitive development in
early stages of life, which can have long-term effects in cognitive func-
tion in adults and cognitive decline in the elderly,23 but the number of
studies examining such associations in the adult population is still very
limited.24
Some studies have gone a step beyond the evaluation of the impact
of air pollution, noise, and green spaces on neurodevelopment or
neurodegenerative disorders, and have evaluated the impact on the
brain structure to further understand the potential mechanisms by
which urban environmental exposures influence dementia risk, which
is especially relevant in individuals at increased risk of such diseases.
For instance, exposure to fine particles has been related to brain struc-
tural and functional alterations in children,25,26 and most recently, a
few studies have shown that exposure to ambient air particles might
have a negative impact on the brain of older adults.27–29 On the
contrary, literature on the potential impact of greenspace exposure
on the brain is scarce, but suggestive of a potential beneficial effect on
brain structure development, especially in children.22 Notably, there
is no research on the potential impact of exposure to noise on brain
structure.
In a previous study,30 we looked at the association between air pol-
lutants with cognitive performance and brain structure in healthy indi-
viduals at risk for Alzheimer’s disease (AD) dementia. We found that
higher exposure to air pollutants was associated with lower cortical
thickness in brain regions known to be affected byADand that increas-
ing greenness indicatorswas associatedwith greater thickness in these
same areas. In this hypothesis-driven study, we focused our attention
on a single brain region of interest: the so-called “AD signature,” which
is composed of cortical regions known to suffer atrophy in AD demen-
tia. However, these results prompted us to question whether urban
exposures might be associated to volumetric changes in other brain
regions, including white matter bundles, in a more exploratory and
regionally unbiasedmanner.
The aim of our study was to identify structural brain imaging corre-
lates of urban environmental exposures (including air pollution, noise,
and green space) in cognitively unimpaired individuals at increased risk
of AD. To this end, we performed awhole brain analysis to detect areas
where gray matter (GM) or white matter (WM) volumes were associ-
ated with exposure levels.
2 METHODS
2.1 Study participants
We conducted a cross-sectional analysis in the context of the ALFA
(Alzheimer and Families) cohort. The details of the recruitment
and participants’ characteristics have been extensively described
elsewhere.31 Briefly, the ALFA study includes a total of 2743 cog-
nitively unimpaired men and women, aged 45 to 74, many of them
kindred of AD patients, which have been broadly characterized at mul-
tiple levels (sociodemographic, clinic, epidemiologic, genetic, among
others). Compared to the general population, a higher frequency of
the apolipoprotein E (APOE) ε4 allele has been observed among the
ALFA participants (14% vs. 19%, respectively; P < .001), confirming
enrichment for AD risk. Exclusion criteria of participants included cog-
nitive performance falling outside the established cutoffs:Mini-Mental
State Examination32,33 (MMSE)< 26;Memory Impairment Screen34,35
(MIS) < 6; Time-Orientation subtest of the Barcelona Test II36(TO-
BTII) < 68; semantic fluency37,38(animals; SF) < 12; Clinical Dementia
Rating scale39 (CDR)> 0.
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RESEARCH INCONTEXT
∙ Systematic Review: The authors used PubMed to identify
previous studies examining urban environmental expo-
sures in association with brain volumes and Alzheimer’s
disease (AD) risk.
∙ Interpretation:Weobserve that in cognitively unimpaired
adults with increased risk of AD, exposure to air pollution
(NO2) is associated with decreased gray matter volumes
of specific brain areas known to be affected in AD, like the
precuneus, thus potentially conferring a higher vulnerabil-
ity to the disease. Additional specific cerebral correlates of
PM2.5, noise, and green spaces were found.
∙ Future Directions: Evaluating the association between
exposure to air pollutants and core biomarkers (in bloodor
cerebrospinal fluid) of AD to better understand the mech-
anisms underlying the observed associations.
From the 2743ALFA participants, therewere 658 cognitively unim-
paired subjects that had submitted to a magnetic resonance imaging
(MRI) scan at the time point of the study. Of those, we had complete
information on pollutant exposures of 228 participants, those living
in the city of Barcelona at recruitment, having not changed their res-
idence for at least the previous 3 years, and having reliable geocoded
data to allow allocating an exposure to them based on the address of
residence. Finally, 14 subjects had to be discarded for other reasons:
incidental findings, poor image quality, and outlier values of pollutant
exposures,which could havebiased the linear regressions performed in
voxel-based morphometry (VBM) analyses, defined as values over 3.5
standarddeviations frommeanvalue. Therefore, a total of 212 subjects
fulfilled all the inclusion criteria and were included in the present anal-
ysis. The local Ethics Committee approved the ALFA study, and all sub-
jects and their accompanying close relative signed an informed consent
form.
2.2 Exposure assessment
2.2.1 Residential exposure to air pollutants
Air pollutionmeasurementswere collected as a part of the air pollution
monitoring campaign of the European Study of Cohorts for Air Pollu-
tionEffects (ESCAPE; http://www.escapeproject.eu/).40,41 In the city of
Barcelona, nitrogen dioxide (NO2) and fine particulate matter (PM2.5 :
particulate matter with aerodynamic diameter less than 2.5 μm) were
measured in three different seasons (warm, cold, and one intermediate
temperature season) to model an annual average for 2009. Follow-
ing well-established protocols,40,41 we used a land use regression
(LUR) model, based on geographical information system (GIS) and
statistical methods, to estimate individual levels of air pollution at the
participants’ residential addresses reported in 2013 through 2014
(baseline).
2.2.2 Residential exposure to environmental noise
levels
Noise exposure was estimated using Barcelona’s municipal strategic
noise map in 2012 (Strategic Noise Map of Barcelona 2012–2017) as
provided by the city council (one assessment every 5 years under the
EuropeanNoiseDirective). Themapwas developedwith a comprehen-
sive set of standardizednoisemeasurements, according to theEnviron-
mentalNoiseDirective 2002/49/EC (EuropeanCommission). The daily
average noise level at the street nearest to each participant’s residen-
tial addresswas registered. Total noise levels based on Lden index (day-
evening-night sound average) were estimated.
2.2.3 Residential exposure to green spaces
We assessed exposure to residential green space within a buffer of
300meters around a participant’s residence using as indicator the sur-
rounding greenness. To assess surrounding greenness, we used the
normalized difference vegetation index (NDVI). The NDVI is an indica-
tor of greenness and is basedon land surface reflectance of visible (red)
and near-infrared parts of the spectrum.42 The NDVI came from one
imagery in the greenest season of the year (April–July), and provides
information on the actual greenness captured by satellite, including
small shrubss, grass, and so on, independently of the type of land use.
Its values range from −1 to 1, with higher positive numbers indicating
more greenness (i.e., photosynthetically active vegetation). The index
was derived from the Landsat 4-5 TM data at 30 m × 30 m resolution.
The Landsat 5 imagery data atmospherically corrected was acquired
for 26/07/2009 covering the Barcelona city area. Exposure to green-
ness indicatorwithin a 300-meter buffer was themain variable regard-
ing exposure to green spaces.
Because indices related to noise and green spaces exposure showed
skewed distributions, variables were transformed to force their sym-
metry using Box-Cox43 or Wand-Marron-Rupert44 transformations.
Additionally, subjects with outlier values (as defined as more than
3.5 standard deviations [SD] from sample’s mean value) in any of the
indices, were excluded from the corresponding analyses by means of a
nulling regressor.45 In total, one individual was excluded from the anal-
ysis regarding exposure to PM2.5, and two subjectswere excluded from
the analysis of noise and surrounding greenness indicators.
2.3 Brain image data acquisition
MRI was conducted in a 3.0-T scanner (GE Discovery MR750 W)
at baseline. Structural 3D high-resolution T1-weighted images were
collected using a fast spoiled gradient-echo sequence implementing
the following parameters: voxel size = 1 mm3 isotropic, repetition
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TABLE 1 Correlation coefficients (r) between urban
environmental exposures. All correlations were significant at P< .05
and survived Bonferroni’s correction (nominal P< .0083 after
correcting for multiple comparisons)
Correlation coefficients (r) between pollutant exposures
NO2 1
PM2.5 0.680 1
NDVI 300m –0.532 –0.257 1
Lden 0.618 0.501 –0.151 1
NO2 PM2.5 NDVI 300m Lden
Abbreviations: Lden index, day-evening-night sound average; NDVI, nor-
malized difference vegetation index; NO2, nitrogen dioxide; PM2.5, fine par-
ticulatematter.
time= 6.16ms, echo time= 2.38ms, inversion time = 450ms, matrix
size = 256×256×174, and flip angle = 12◦.
2.4 Structural image analysis
Structural images were visually inspected to discard movement and
other artifacts. We used the standard preprocessing pipeline for VBM
as implemented in SPM12.46 Briefly, T1 images were segmented into
tissues; GM andWMmaps were normalized to Montreal Neurological
Institute by means of the DARTEL algorithm, multiplied by Jacobians
determinants to encode volume changes as intensity variations voxel
by voxel and smoothedwith an 8mm full width halfmaximumGaussian
kernel.We used general linear models (GLM) to assess, in a voxel basis,
to what extent and where in the brain GM orWM volumes were asso-
ciated with each particular exposure, correcting for age, sex, years of
education, and total intracranial volume (TIV). The threshold for statis-
tical significancewas set to P< .001, uncorrected formultiple compari-
son considering only clusters whose sizewas above 300 voxels (1 cm3).
Sensitivity analyses including the number of APOE ε4 alleles, smoker
status (two: ever and current smoker), body mass index (BMI; kg/m2),
and physical activity (metabolic equivalents/day) as covariates (sepa-
rately) were also performed.
3 RESULTS
3.1 Descriptive analysis
Main characteristics of ALFA study participants and of the subset
of participants from Barcelona included in the present analysis have
been previously presented in detail30,47,48 (more details in Molinuevo
et al.31). There were no statistically significant differences regarding
age, sex, and years of education between the ALFA study cohort and
the participants residing in Barcelona included in the present analysis
(for further details see Table 1 in Crous-Bou et al.30). Briefly, mean age
of the 212 participants included in the present analysis was 58.6 years
(SD = 7.5), 59% were female, and participants had a mean of 14 years
of education (SD = 3.3). More than 80% of the participants included
in the present study had a family history of AD; additionally, 49.6% of
the participants were carriers of the APOE ε4 allele. There were no sta-
tistically significant differences regarding age, sex, and years of educa-
tion between the ALFA study cohort and the participants included in
the present analysis (data not shown; presented in Crous-Bou et al.30
andMolinuevo et al.31).
Figure 1 displays the distribution of urban environmental exposures
along the sample. Table 1 shows the correlation coefficient between
exposures. We observed a moderate-to-high correlation among
exposures, indicating they probably share common sources, mainly
road traffic. As expected, all correlations were positive except for
green space exposure indicators, which were negatively correlated
with the rest of the exposures. Table 2 includes the distribution of
confounder analyses by pollutant tertiles and the corresponding P
value for the one-way analysis of variance. Covariables used in the
VBM analyses, as well as other potential confounders (smoking status,
BMI, or physical activity), across pollutant tertiles were included to
check for potential unbalanced distributions. Neither age, education,
nor physical activity showed significant differences across pollutant
tertiles.
3.2 Brain structural changes related to urban
environmental exposures
The results of the association between exposure to air pollutants,
noise, and surrounding greenness with GM and WM volumes are pre-
sented in Figure 2 and Table 3.
3.2.1 Air pollutants
Exposure to increasing concentrations of NO2 was associated with
lower GM volume in the precuneus but with higherWM volume in the
splenium of the corpus callosum, left inferior longitudinal fasciculi, and
putamen (Table 3; Figure 2). Increasing exposure to PM2.5 was associ-
ated with greater GM volume in cerebellum. Additionally, increasing
levels of PM2.5 was associated with greater WM volume in extensive
areas of the ventral segment of the cingulum bundle. Moreover, a posi-
tive association between levels of PM2.5 andWMvolume was found in
the anterior segment of the corpus callosum, the superior longitudinal
fasciculus, and theWMadjacent to the anterior bilateral insula and the
olfactory cortex (Table 3; Figure 2).
3.2.2 Noise levels
We observed that exposure to increasing noise levels was associated
with greaterWMvolume in the bodyof the corpus callosumat the level
of auditory cortex (Table 3; Figure 2).
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F IGURE 1 Distribution of pollutants and noise exposures in the sample. ALFA, Alzheimer and Families study; Lden index, day-evening-night
sound average; NDVI, normalized difference vegetation index; NO2, nitrogen dioxide; PM2.5, fine particulatematter.
3.2.3 Exposure to green spaces
Increasing greenness index was associated with greater GM volume in
the left middle frontal, precentral cortices, as well as the temporal pole
(Table 3; Figure 2).
All analyseswere repeated including separately thenumberofAPOE
ε4 alleles, the smoking status, BMI, and physical activity as covariates,
with similar results (results not shown).
4 DISCUSSION
In a population of cognitively unimpaired adults at increased risk ofAD,
exposure to air pollution was associated with reductions in GM vol-
ume and increments in WM volume of specific brain areas known to
be affected in AD.49,50 This result suggests that increasing air pollu-
tion levels might confer a higher vulnerability to the neurodegenera-
tive effects of AD pathology. Specifically, exposure to increasing levels
of NO2 were associated with reduced GM volume in the precuneus,
while exposures to increasing levels of PM2.5 were associated with
greater WM in a great part of the splenium of corpus callosum, cin-
gulum, and the superior longitudinal fasciculi. Exposure to increasing
noise levelswas associatedwith greater volumeof the corpus callosum.
Finally, being exposed to increasing surrounding greennesswas associ-
ated with increased GM volume in the left middle frontal, precentral
cortex, as well as in the right temporal pole and surrounding areas.
4.1 Brain correlates of air pollution
Epidemiological studies suggest that exposure to ambient air pollu-
tion might have harmful effects on the brain and its structure.12–14
Increased exposure to fine particles has been associated with brain
structural and functional alterations in children, specifically associated
with reduced cerebral cortex thickness in the precuneus and rostral
middle frontal regions.25,26 Additionally, few studies have shown that
exposure to ambient air particles might have a direct impact on the
brain of older adults and consequently, are potentially harmful for the
brain.27–29 In the recent review study by de Prado Bert et al.,27 the
authors summarized the main findings from environmental epidemiol-
ogy studies and neuroimaging. The selected studies revealed that both
GM and WM might be targets of exposure to air pollutants. Specifi-
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TABLE 2 Distribution of potential confounders by pollutant terciles
Distribution of potential confounders by pollutant terciles and ANOVA
AGE TIV Education Physical activity Sex APOE Smoker
(years) (cc) (years) (mets/day) BMI male/total ε4 carrier Ever Current
NO2 Tercile 1: 58.2 (8.0) 1454.2 (167.7) 14.0 (3.6) 2512 (1889) 26.0 (3.7) 26M / 71 32 / 71 58 / 71 21 / 71
Tercile 2: 59.0 (7.4) 1493.3 (153.2) 13.8 (3.2) 2720 (2351) 27.1 (3.5) 30M / 70 40 / 70 56 / 70 15 / 70
Tercile 3: 58.7 (7.2) 1523.7 (164.2) 14.5 (3.1) 2483 (2250) 27.0 (4.3) 30M / 71 35 / 71 63 / 71 23 / 71
ANOVA 0.808 0.039 * 0.517 0.779 0.16
PM2.5 Tercile 1: 58.4 (8.1) 1453.4 (155.7) 13.9 (3.4) 2442 (1991) 26.5 (3.7) 27M / 71 34 / 71 55 / 71 18 / 71
Tercile 2: 59.4 (7.5) 1505.1 (162.0) 14.1 (3.4) 2875 (2184) 26.4 (3.9) 32M / 70 38 / 71 60 / 70 15 / 70
Tercile 3: 58.1 (6.9) 1513.0 (168.7) 14.3 (3.2) 2401 (2304) 27.3 (3.9) 27M / 71 35 / 70 62 / 71 26 / 71
ANOVA 0.554 0.062 0.723 0.357 0.322
Lden Tercile 1: 57.9 (7.3) 1497.0 (164.1) 14.1 (3.3) 2735 (2389) 27.0 (3.8) 34M / 71 39 / 71 57 / 71 17 / 71
Tercile 2: 58.1 (8.0) 1448.8 (144.1) 14.2 (3.5) 2417 (1843) 25.9 (3.5) 21M / 70 33 / 70 59 / 70 21 / 70
Tercile 3: 59.9 (7.3) 1526.0 (174.3) 14.0 (3.3) 2561 (2242) 27.4 (4.1) 31M / 71 35 / 71 61 / 71 21 / 71
ANOVA 0.238 0.017 * 0.981 0.682 0.045 *
NDVI 300m Tercile 1: 58.9 (7.5) 1498.2 (168.6) 14.1 (3.1) 2504 (2237) 27.2 (4.2) 30M / 71 34 / 71 60 / 71 23 / 71
Tercile 2: 59.2 (7.2) 1495.0 (159.1) 14.1 (3.3) 2650 (2057) 26.5 (3.6) 26M / 71 38 / 71 58 / 71 16 / 71
Tercile 3: 57.7 (7.9) 1478.2 (164.6) 14.2 (3.7) 2561 (2219) 26.6 (3.8) 30M / 70 35 / 70 59 / 70 20 / 70
ANOVA 0.48 0.739 0.977 0.923 0.511
Abbreviations: ANOVA, analysis of variance; APOE, apolipoprotein E; BMI, bodymass index; Lden index, day-evening-night sound average; NDVI, normalized
difference vegetation index; NO2, nitrogen dioxide; PM2.5, fine particulatematter; TIV, total intracranial volume.
Notes: Continuous values displayed asmean (standard deviation). Discrete values in number of cases/total. TIV in cubic centimeters. Physical activity inmets
(metabolic equivalents). ANOVA rows: P-value of one-way ANOVA of variables across pollutant terciles. (*) for significant ANOVAs at P < 0.05 uncorrected
by multiple comparisons. Only TIV for NO2 and Lden and BMI for Lden showed significant differences across pollutant terciles. Those differences were
disregarded (refer tomain text for the rationale). Limit values of central tercile:NO2= [52.8,60.6]; PM2.5 = [16.2,17.5]; Lden= [66,70] andNDVI= [0.19,0.22].
cally, VBManalysis in elderly populations showed a link between expo-
sure to PM2.5 and decreasedGMvolumes, primarily in the dorsolateral
and medial prefrontal cortex, which also show reduction in volumes
with aging. Additionally, higher exposures to fine particles was associ-
ated with reduction of WM volumes in frontal, parietal, and temporal
areas. However, such associations were observed in older populations
(mean age over 70 years).27,28 The association between greater expo-
sure to particulate matter and lower GM volume was also presented
in the recent pooled analysis by Power et al.29 However, no associa-
tions with other brain volume measures or markers cerebrovascular
and small vessel disease were observed.29
We found, in cognitively unimpaired individuals at higher risk of
developing AD, an association between increasing levels of air pollu-
tants and lower GM volume, primarily in the precuneus, and higher
WM volume, mainly in the corpus callosum. These associations were
observed for all air pollutants, with particulate matter showing the
most significant effects. The precuneus, along with the posterior cin-
gulate cortex, is a major hub of the brain, which is strongly intercon-
nected with the hippocampal formation. It is involved in a variety of
complex functions including reflective, self-related processing, aware-
ness and conscious information processing, episodicmemory, and visu-
ospatial processing.51 It also showsgreater activity during resting com-
pared to responding to an external task and constitutes a central node
of the so called “resting state network.” Relevant to AD, the precuneus
and cortical regions of the default mode network are particularly vul-
nerable to early amyloid deposition,52 which is associated with aber-
rant brain functioning even in cognitively unimpaired individuals.53,54
At early stages of AD progression, prominent atrophy and metabolic
abnormalities emerge in the precuneus and associated posterior cor-
tical and medial temporal regions related to symptom severity.55 We
also observed a positive association between NDVI and GM volume
in areas related to the default mode network, such as the temporal
pole and the temporal superior gyrus. Interestingly, increased GM vol-
ume with higher levels of PM2.5 was also in the bilateral lobule IX of
the cerebellum. While the cerebellum has been classically thought to
be devoted exclusively to motor control, recent evidence has shown
that it appears an integral part of brain networks subserving cogni-
tion and emotion.56 In particular, the cerebellar lobule IX also partici-
pates in the default mode network.57 Taken together, this pattern sug-
gests an impact of air pollutants in areas of the default mode network.
Rather than neuronal loss, lower GMvolume in cognitively unimpaired
subjects may reflect compensatory mechanisms associated to shrink-
age of neurons, reductions of synaptic spines, and dendritic arboriza-
tion, and lower numbers of synapses.58 Even in the absence of neu-
ronal death, lower GM volume is considered to be a marker of lower
resilience for the brain to cope with the deleterious effects of aging or
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F IGURE 2 Impact of exposure to air pollutants, noise, and proximity to green areas on graymatter andwhite matter volume. Colored glass
brains in the right column offer a global view of each contribution and act as a legend for color codes: cyan for negative association betweenNO2
and GM,magenta for positive association between PM2.5 and GM, green for positive association betweenNDVI 300m andGM, red for positive
association betweenNO2 andWM, yellow for positive association between PM2.5 andWM, and blue for positive association between Lden index
andWM. Refer to Table 3 for detailed description of the clusters. Cluster colors correspond to glass-brain legend colors and color code in Table 2
for an easier identification. Positive and negative indicate the sign of the association. GM, graymatter; Lden index, day-evening-night sound
average; NDVI, normalized difference vegetation index; NO2, nitrogen dioxide; PM2.5, fine particulate matter;WM, white matter.
8 of 13 FALCÓN ET AL.
TABLE 3 Results of the VBM analysis (cluster information and statistical significance) on the correlation between exposure to nitrogen oxides
and GMvolume (A), andWMvolume (B)
A) GRAYMATTER
cluster size % cluster aal label x y x Tmax
NO2
(negative 484 61,6 Precuneus R 12 -66 54 3,80
association) 38,4 Parietal Sup R
cluster size % cluster aal label x y x Tmax
PM2.5
(positive 417 47,0 Vermis 9 -5 -56 -36 3,44
association) 31,7 Cerebelum 9 L
10,1 Cerebelum 9 R
cluster size % cluster AAL label x y x Tmax
NDVI 300m
(positive 441 81,0 FrontalMid L -39 11 41 4,55
association) 19,0 Precentral L
730 52,3 Temporal Pole Sup R 57 11 -5 4,13
14,4 Frontal Inf Oper R
10,4 Temporal Sup R
10,3 Insula R
528 87,3 Precentral R 56 -8 45 3,95
B)WHITEMATTER
cluster size % cluster JHU&AAL label x y x Tmax
NO2
(positive 892 91,7 SpleniumCC 0 -21 23 3,82
association) 306 62,4 Putamen L -29 -14 0 3,79
26,8 Inf Long Fasc L
cluster size % cluster JHU&AAL label x y x Tmax
PM2.5
(positive 881 53,0 Frontal Inf Oper L -38 18 21 4,29
association) 27,7 Sup Long Fasc L
14,5 Frontal Inf Tri L
1187 52,6 Temporal Sup R 62 -18 6 4,24
42,9 Inf Long Fasc R
2131 69 Cing Cingulate Gyrus R 14 -48 27 4,10
11,0 Cingulum Post R
1652 82,7 Inf Long Fasc L -38 -57 -6 3,78
1954 77,3 Sup Long Fasc R 38 -27 38 3,67
350 76,3 Sup Long Fasc R 39 3 17 3,64
11,7 Frontal Inf Oper R
347 99,4 Cing Cingulate Gyrus L -17 -29 36 3,61
412 77,2 ForcepsMinor 23 30 -11 3,45
10,2 Olfactory R
cluster size % cluster JHU&AAL label x y x Tmax
Lden index
(positive association) 324 100 Body CC 0 -18 23 4,44
Notes: Statistical threshold was set to P< .001 (uncorrected) with a minimum extension cluster of 300 voxels (1 cm3). “%cluster” refers to the percentage of
the cluster extension that is into the anatomical region determined by the atlas label. Residual contributions (below 10%) are not listed, because they were
assumed to be spreading effects due to the smoothing procedure. WM labels in italics correspond to juxta-cortical voxels of WM, which have been labelled
according to the closest GMAAL area. Colors of labels correspond to cluster color in Figure 2 for an easier identification.
Abbreviations: AAL: Anatomical Automatic Labelling (GM); CC: Corpus callosum; GM, gray matter; JHU: Johns Hopkins University WM atlas; Lden index,
day-evening-night sound average; NDVI, normalized difference vegetation index;WM, whitematter.
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disease.59 Such a finding in a group of cognitively unimpaired individu-
als suggests that subjects exposed to greater levels of pollutants might
present lower brain resilience to the effects of AD pathology in areas
showing early alterations in AD.
On the other hand, the prominent positive association between pol-
lutant levels and WM volume has a less straightforward interpreta-
tion. Both increments and decrements in WM have been observed in
association with air pollutants.27 Particulatematter has been reported
to enter the central nervous system through olfactory nerves or
across the blood-brain barrier (BBB) and trigger neuroinflammatory
processes.60–64 Potentially associated with the olfactory system, we
observed a positive association between levels of PM2.5 and WM vol-
ume in the olfactory cortex.With respect to theBBB, it has been shown
that, even when intact, blood-borne substances can be transferred to
somebrain areas, including thehippocampus, the insula, and the corpus
callosum, presumably through leaky vessels in the subfornical organs
or the choroid plexus.65 The corpus callosum is the largest fiber tract in
the brain, connecting the two cerebral hemispheres, and thereby facil-
itating the integration of motor and sensory information from the two
sides of the body aswell as influencing higher cognition associatedwith
executive function, social interaction, and language.66 Although struc-
tural alteration in AD mainly involves the cerebral GM, changes in the
corpus callosum have been reported already in the early stages of AD,
which likely contribute to the clinical presentation in AD.67 Relevant
to this, with higher levels of air pollutants we also observed increased
WM volume in the splenium of the corpus callosum, the ventral seg-
ment of the cingulum bundle that connects the hippocampal formation
with the posterior cingulate cortex and the WM adjacent to the ante-
rior bilateral insula. Once into the central nervous system, air pollu-
tants might trigger inflammatory mechanisms, exacerbate the innate
immune response to AD pathology,68 or even accelerate the buildup of
amyloid beta (Aβ) deposits in the brain.13,69–72
Therefore, it could be hypothesized that a neuroinflammatory
responsemay underlie the observed greaterWMvolumewith increas-
ing pollutant levels. The presence of foreign particles in these regions
would activate the brain innate immune system and trigger a tran-
sient inflammatory response including subclinical brain swelling and/or
edema, resulting in a net increase in volume of the affectedWM tracts
that interconnect cortical and cerebellar regions of the default mode
network. Such a chronic neuroinflammatory response in WM might
impair the connectivity of distal cerebral regions and eventually lead to
a compensatorymechanism involving changes inGMvolume.Given the
relatively high correlation among some of the exposures (particularly
PM2.5, NO2 and, negatively, NDVI), it would be challenging to attribute
effects to individual pollutants. The fact that associations were found
to be more significant with some pollutants might be due to signifi-
cance threshold effects. Taken together, our hypothesis is that thepres-
ence of pollutants in the brain triggers neuroinflammatory and com-
pensatory mechanisms in the brain that could explain the observed
effects, in both directions. These effectsmay be particularly prominent
in a sample of middle- to late-age individuals enriched for risk factors
of AD as in this work. Even though not directly measured here, this
sample is expected to harbor a significantly higher prevalence of AD
pathology compared to the general population of the same age. How-
ever, other mechanisms linked to air pollutants cannot be discarded,
such as oxidative stress, which can lead to the production of aberrant
proteins, oxidative byproducts, and DNA oxidation that can alter epi-
genetic and genetic regulation.72 Further studies are needed to assess
whether increased levels of air pollutants are directly associated to
higher levels of AD biomarkers.
4.2 Brain correlates of noise levels
Even though few epidemiological studies have reported a link
between increasing levels of traffic-related noise and neurodegener-
ative disorders,15–19 to the best of our knowledge, our study is the
first to evaluate the potential impact of exposure to noise on brain
structure.Due to theLden indexdeterminedat participants’ residential
address, it could be hypothesized that the incidence of noise in brain
structure may be related to a poorer quality night’s rest. In a recently
published review, Huang et al.73 highlight that the underlying mech-
anisms in the association between exposure to noise and dementia-
related outcomes is still unclear; however, they point toward several
related pathways such as neuroinflammation, excitotoxicity, psycho-
logical stress, and oxidative stress injury in the auditory cortex and
hippocampus. They suggest that these changes could further lead to
a reduction in neurogenesis, necrosis or apoptosis, Aβ deposition, and
tau hyperphosphorylation, and eventually may result in degenerative
dementia.73
Similar to our results on air pollution, we observed that increasing
exposure to noise levels was associated with increasedWM volume in
the body of the corpus callosum. Moreover, these areas overlap with
some of the results shown in relation to exposure to air pollutants.
Noise levels in urban areas mainly come from traffic; consequently, it
is difficult to disentangle if this is a specific effect of noise or if this is
due to the effect of air pollutants.
4.3 Brain correlates of exposure to green space
Contrary to air pollution exposure, an accumulating body of evidence
suggests that being exposed to natural environments, including urban
green spaces, might have health-promoting effects.5,20–22 Literature
on the potential impact of greenspace exposure on the brain is scarce,
but suggestive of a potential beneficial effect on brain development,
particularly in children.22
Our results show that increasing greenness is associated with
greater GM volume in the dorsolateral frontal cortex as well as in
the temporal pole, two brain regions with a prominent involvement
in memory also known to be affected by AD pathophysiology.49 Addi-
tionally, lower greenness being associated with increasedWM volume
could be interpreted in the context of the inverse correlation between
greenness indicators and air pollutants.
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4.4 Limitations of the present study
Our study is not free of limitations, being the first one in its cross-
sectional design. The inclusion criteria of the study led to a relatively
small number of participants, whichmight limit the statistical power to
detect potential effects of urbanenvironmental exposureson thebrain.
However, this is a very thoroughly characterizedpopulation,whichpro-
vides detailed information on the evaluated outcomes, the exposures,
and also clinical and epidemiological co-variables. The study sample
originated in a relatively restricted geographical area; however, expo-
sure levels showed awide range of values, and the distribution of expo-
sures was not uniform, making the statistical weight of extreme values
in correlation analyses higher.
Exposure to air pollution was estimated based on participants’
residential address. Unfortunately, we did not have access to par-
ticipants’ daily mobility and workplace exposure, which may lead to
exposure misclassification, and thereby, we might be underestimating
the association between environmental exposures and the outcomes
assessed.74,75 It is worth mentioning that several studies have shown
that adding daily mobility does not improve the risk estimates, and
that the spatial distribution of air pollution in Barcelona has been
reasonably consistent over the past 20 years, with the exception of
some temporal variation with pollutant levels that was seen before
and after the global economic crisis in 2009. Because the temporal
variation affected every area/subject equally, we use the spatial distri-
bution to differentiate exposure to air pollution among participants.
Therefore, the timing of the assessment is not so critical. Total noise
levels in our population essentially came from traffic, so we could not
distinguish the effects of traffic noise from the effect of other sources
of noise. Additionally, becausewemeasured traffic-related noise, areas
with high levels of noise also may have high levels of air pollutants.
Furthermore, in the present study we could not distinguish the effects
of different green space types because urban green space had a sig-
nificant weight in the total amount of green space exposure. Besides,
surrounding greenness, based on the NDVI, does not distinguish
among types of green space. Finally, the sample here studied is highly
enriched for AD risk factors such as family history of AD and APOE
ε4 carriership. This, in combination with their age range, strongly sug-
gests that a significant percentagewill harbor ADpathology, which can
precede clinical symptoms by decades. Thus, our results are not repre-
sentative of the general population but, on the other hand, it may also
have improved our capacity to detect the cerebral structural effects
of urban ambient exposures with underlying AD pathology. However,
the lack of AD biomarkers in this sample prevents us from being able
to draw conclusions on the effects of pollutants in association with AD
pathology.
Even though we adjusted the analysis by potential confounders,
other variables of interest could not be included due to unavailabil-
ity. This could be of relevance for socioeconomic status, for exam-
ple. Unfortunately, this information was not collected for participants
at recruitment. However, we are including level of education in all
our analyses, which highly correlates with socioeconomic status, and
consequently might account for some of the confounding related to
socioeconomic status. Additionally, it has been previously reported
that neighborhood socioeconomic position is not necessarily associ-
atedwith higher exposure to pollutants in the city of Barcelona.76 Even
though we do have available information on other variables related
to sociodemographic and lifestyle characteristics of our participants
(detailed in Table 1 of Crous-Bou et al.30), we did not consider including
them in the present analysis because those are not usual confounders
in neuroimaging studies. However, we have performed additional anal-
yses including covariables such as physical activity and smoking, and
ourmain results remained essentially the same.
It is worth mentioning that the exposures are correlated. Thus, the
resultswepresent heremight be anoverlap amongdifferent exposures
and might limit our ability to distinguish which is the exposure driving
themain effects.
Despite these limitations, for the first time we were able to evalu-
ate different urban-related exposures within the same study popula-
tion in relation to brain structure. The choice of a voxel-based statisti-
cal approach implied to perform prospective analyses on topographic
effects in the brain due to the assessment of different pollutants. That
allowed us to find relevant associations in previously unreported brain
regions, which would have been unseen if a predefined region of inter-
est approach had been used instead. The counterpart of this choice
was the need to use a slightly more lenient statistical threshold that
increased the risk of false positives due to multiple comparisons. Oth-
erwise, a highly restrictive statistical threshold to prevent false pos-
itives performing as much analyses as independent measures in the
brain, would have masked most of the positive associations. Still, we
have used standard thresholds for statistical significance for this kind
of analysis.
Finally, it is crucial to perform studies on the impact of long-term
exposure to environmental elements, as well as longitudinal studies, to
properly evaluate brain correlates of urban environmental exposures,
especially when includingmiddle-age, cognitively unimpaired individu-
als (i.e., cognitive decline has not occurred yet).
Our results show that urban environmental exposures might have a
direct impact on the volume of specific brain areas potentially related
to AD.49 However, no differences in cognition were observed in our
population,30 suggesting that the increased risk of cognitive decline
has not happened yet. In this study, we sought effects of urban environ-
mental exposures across the whole brain in a more exploratory man-
ner that complements our previous hypothesis-driven results. The fact
that participants of our study are cognitively unimpaired suggests that
environmental exposures might have an impact very early in the dis-
ease continuum by increasing vulnerability in cognitively unimpaired
subjects. The alterations observed in brain structure and diffusivity in
relation to urban environmental exposures might contribute to cogni-
tive decline in the future, which makes it necessary to follow-up these
individuals to confirm such a hypothesis.
In conclusion, in a population of cognitively unimpaired adults with
increased risk ofAD, greater exposure to air pollution andnoise is asso-
ciated with lower GM volumes of specific brain areas vulnerable in
aging and AD. These results suggest that exposure to such pollutants
might lead to a lower brain resilience to the effects of AD pathology.
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On the other hand, higher exposure to these pollutants was associated
with greater WM volume, which is compatible with the presence of
neuroinflammatory effects. Further research is needed to confirm the
mechanisms involved in such associations.
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